The avian neck is a complex, kinematically redundant system that controls the position and orientation of the head. The kinematic redundancy is resolved by movement principles, which result in characteristic movement patterns. General neck movement patterns are compared between Ratites, Fowl and Waterfowl in order to find a relationship with anatomical differences and to identify the biological role(s) to which neck movement is adapted. Kinematic analyses show that Fowl move their vertebrae according to a minimal rotation principle that maximizes rotation efficiency. The resulting movement pattern shows rotations in some joints, while keeping the other vertebrae as straight bars. Waterfowl show a pattern of successive, rather than simultaneous rotations of vertebrae, limited to the rostral part of the neck. A third movement pattern is found in Ratites, which show successive rotations of the vertebrae in the middle region of the neck. The ratite-pattern is related to large vertical head trajectories, and is occasionaly also found in the Chicken. However, due to large body movements in the Chicken, head trajectories are relatively much shorter than in the Rhea. A kinematic neck model based on the minimal rotation principle only produces the Waterfowl pattern if a constraint on the movement of the caudal vertebrae is introduced. We conclude that a fundamental change occurred in the movement pattern of the Waterfowl neck, which is energetically advantageous and an adaptation to aquatic feeding.
INTRODUCTION
The avian neck is both anatomically and functionally a highly complex system. The structure is kinematically redundant: very different movement patterns (combinations of rotations of vertebrae) may move the head from one position to another, along the same trajectory relative to the body. The neck functions as manipulator of the head in many different biological roles, e.g., preening, foraging, exploration, head balancing during locomotion. The neurosensorial control has to be quite flexible to meet the large array of required head movements (ZWEERS et al., 1994) . Auditory, visual, vestibular, tactile, and proprioceptive systems play a role in controlling head motion. Proper integration of structure and movement patterning has to be maintained when functional demands change along evolutionary and ontogenetical pathways. A first step to understand change in such complex organismal systems is to analyse the relationship between function and structure in extant species. The evolution of the axial skeleton in vertebrates shows increasing differentiation of the neck area in relation to terrestrial life (ROCKWELL et al., 1938; JOUFFROY, 1992) . The avian neck represents a most extreme design as far as the number of vertebrae and the large flexibility is concerned. Several authors relate the avian neck design to the ability for flight, which resulted in short, rigid trunks, wings and bipedality (GANS, 1992) . According to KURODA (1962) and STARCK (1979) the avian neck is a substitute for the forelimbs, and the flexible neck with the bill serve as the main effector system during all kinds of behaviour.
Despite the wide variation in number of vertebrae and the complex musculature, several authors recognized a basic design for the avian neck (SIVERS, 1934) . BOAS (1929) compared the cervical anatomy in species of different families. He recognized a subdivision of the neck into 3 main regions, based on the differences in maximal dorsal and ventral flexion. PALMGREN (1949) found strong similarities of the neck musculature of small songbirds and the larger bird species examined by BOAS (1929) .
Modifications in the flexion limits, neck length and muscle configuration are often related to differences in functional demands imposed by feeding. PALMGREN (1949) showed that anatomical differences in the cervical musculature among songbirds were related to the acrobatic capacities of species to obtain their food. ZUSI & STORER (1969) related the development and differentiation of neck muscle complexes in grebes to the capacity to dislodge and crush crayfish. The crossing over of the Musculus splenius capitis in hummingbirds and swifts is considered an adaptation to fast head turning in order to catch insects during flight (Zusi & BENTZ, 1984; FRITSCH & SCHUCHMANN, 1988) . KRAL (1965) related the neck anatomy of several species of Ciconiiformes to the use of either pecking or the darting stroke to obtain prey. Woodpeckers that pound frequently show adaptations at the base of the neck to provide the strength for blow delivery and for stabilisation of the neck against the resulting impact (SPRING, 1965; KIRBY, 1980) . Zusi (1962) identified adaptations in the neck region of the Black Skimmer to skimming the water surface with the lower jaw during flight. Modifications in cervical anatomy may even occur within a species. BURTON (1974) described differences in development of
